In the subtropical regions of southern Brazil, rainfall distribution is uneven, which results in temporal variability of soil water storage. For grapes, water is generally available in excess and water deficiency occurs only occasionally. Furthermore, on the Southern Plateau of Santa Catarina, there are differences in soil properties, which results in high spatial variability. These two factors affect the composition of wine grapes. Spatio-temporal analyses are therefore useful in the selection of cultural practices as well as of adequate soils for vineyards. In this way, well-suited areas can produce grapes with a more appropriate composition for the production of quality wines. The aim of this study was to evaluate the spatio-temporal variability of water storage in a Cambisol during the growth cycle of a Cabernet Sauvignon vineyard and its relation to selected soil properties. The experimental area consisted of a commercial 8-year-old vineyard in São Joaquim, Santa Catarina, Brazil. A sampling grid with five rows and seven points per row, spaced 12 m apart, was outlined on an area of 3,456 m². Soil samples were collected with an auger at these points, 0.30 m away from the grapevines, in the 0.00-0.30 m layer, to determine gravimetric soil moisture. Measurements were taken once a week from December 2008 to April 2009, and every two weeks from December 2009 to March 2010. In December 2008, undisturbed soil samples were collected to determine bulk density, macro-and microporosity, and disturbed samples were used to quantify particle size distribution and organic carbon content. Results were subjected to descriptive analysis and semivariogram analysis, calculating the mean relative difference and the Pearson correlation. The average water storage in a Cambisol under grapevine on ridges had variable spatial dependence, i.e., the lower the average water storage, the higher the range of spatial dependence. Water storage had a stable spatial pattern during the trial period, indicating that the points with lower water storage or points with higher water storage during a certain period maintain these conditions throughout the experimental period. The relative difference is a simple method to identify positions that represent the average soil water storage more adequately at any time for a given area.
INTRODUCTION
Analyzing water storage in soils of the Southern Plateau of Santa Catarina during the growth and reproduction cycle of grapevine is useful to select management practices that contribute to higher yields and/or to improve the composition of wine grapes. The variability of soil water availability is a complex study object because storage varies spatially, horizontally and at different depths, mainly due to variations in soil particle size, organic matter content and soil structure, which determine the distribution of pore size, drainage and water retention (Libardi et al., 1986) . In addition, the soil management (Vieira et al., 2010) , slope and position in the landscape (Rawls & Pachepsky, 2002) affect the spatial variability of soil moisture.
Geostatistics allow a description of the spatial variability of any variable based on modeling of spatial dependency (Matheron, 1971; Vieira, 2000; Soares, 2006) , as well as an evaluation of the duration of the spatial patterns of soil water storage (Kachanoski & De Jong, 1988) . Vieira et al. (2010) studied spatial and temporal variability of moisture in two systems of land use: maize-alfalfa rotation, and bush growth with predominance of pine. They observed that spatial dependence increased during the soil drying cycle.
The analysis of spatial variability of soil moisture can be used for conclusions on other aspects of production, such as nutrient uptake and biological nitrogen fixation, with consequences for crop yield (Reichardt et al., 1984) . For grapevine, lower soil water storage is associated with better physiological maturation (greater soluble solids content) and phenological maturation (greater tannin content) of grapes, which are ideal characteristics for high-quality wines in the Southern Plateau region of Santa Catarina (Borghezan et al., 2011; Luciano, 2012) .
Aside from the spatial there is temporal variability of water storage and availability in the soil, as a result of irregular rainfall distribution, associated with variations related to water retention and soil drainage. In a study to represent soil moisture, with a view to reducing the number of field samplings required, Vachaud et al. (1985) proposed the concept of temporal stability. This concept may be defined as the association, consistent over time, between the spatial location and the values of descriptive statistical parameters. The concept is realistic for soil moisture insofar as the probability is high that when moisture is higher at a point at one time this will be repeated at other times (Melo Filho & Libardi, 2005) .
The verification of temporal stability of soil water storage may generate clearer and more precise scientific information, which may be used with greater reliability, in response to growing questions about sampling with regard to hydraulic conductivity, which has a direct effect on water flows in the soil to the plants (Melo Filho & Libardi, 2005) .
When analyzing the temporal stability of moisture in an Acrisol in Piracicaba, São Paulo, Gonçalves et al. (1999) observed that some locations store more and others less water over time. In a single citrus orchard grown in a Ferralsol in Piracicaba, São Paulo, Rocha et al. (2005) and Moreti et al. (2007) identified storage locations with a moisture level that would allow estimation of the overall average of water storage in the area in different periods. These conclusions have practical consequences because these locations were the most representative for monitoring average soil water storage, corroborating the concept of Vachaud et al. (1985) . However, Vieira et al. (2010) observed the influence of the plant cover and the type of soil management system in the wetting and drying cycles of the soil over time in an Umbrisol (IUSS Working Group WRB, 2006) , which shows that spatial distribution of soil moisture is not always stable over time.
The spatial-temporal variability of soil water storage was also investigated elsewhere, as by Ávila et al. (2011 ), Gao & Shao (2012 and Salvador et al. (2012) .
On the Southern Plateau of Santa Catarina, there is generally an excess of rainfall in relation to other fine-wine producing regions, such as the Campanha region of Rio Grande do Sul. Soil water storage depends on properties such as soil particle size and organic carbon content. Soil moisture is a property that noticeably modifies yield and the composition of grapes for winemaking. Therefore, the choice of the area for establishing vineyards in this region must take into account the soil properties that minimize water storage. Thus, to understand water dynamics in the soil and adequately manage highland soils under vineyards, it is necessary to evaluate the spatialtemporal variability of soil water storage and its relation to organic carbon content and soil particle size distribution.
The aim of this study was to evaluate the spatial and temporal variability of water storage in a Cambisol in the reproductive cycle of Cabernet Sauvignon grape, and relate water storage to soil properties. (Peel et al., 2007) , i.e., temperate, constantly wet, with no dry season and a cool summer (mean temperature of the hottest month < 22.0 o C). Total annual rainfall ranges from 1,360 to 1,600 mm, with least rainfall in April and most in September. Annual total of rainy days is around 135 and normal relative air humidity ranges from 80 to 83 % (Benez et al., 2002) . The soil was classified as a Cambisol by the IUSS Working Group WRB (2006) , and as Cambissolo Húmico alumínico típico by Embrapa (2006) , in a silty loam textural class (Luciano, 2012) .
MATERIAL AND METHODS
Ridges were formed during establishment of the vineyard, by moving soil from between the rows and depositing it in the plant rows. Seedlings were planted at a spacing of 1.2 m between plants and 3.0 m between rows, in north-south direction under shade net to avoid hail damage. For experimental analysis, a grid was outlined consisting of five plant rows at a spacing of 12 m between rows, with seven points per row, also spaced 12 m apart, resulting in a 48 × 72 m rectangle (3,456 m²), plus two points in the center of the area for the calculations of semivariance at spacings of less than 10 m, for a total of 37 points ( Figure 1a To evaluate spatial and temporal variation of soil water storage, gravimetric soil moisture (Gm) was determined according to the method described by Embrapa (1997) , in triplicate. Samples were collected in the 0.00-0.30 m layer, within a radius of 0.3 m from each grid point, to obtain a sample composed of 100 to 150 g of soil. A screw auger (length 1.15 m, diameter 0.02 m) was used. The data represent the soil in the center of grapevine plant rows, a place where there is no machine traffic, only traffic of people in grapevine treatments (defoliation and thinning) and at grape harvest. In December 2008, in the center of the ridge, at a distance of 0.5 m from the grapevine, trenches of 0.2 × 0.3 m were dug for collection of undisturbed soil samples in the 0.00-0.30 m layer in duplicate with metallic rings (volume 50 cm 3 ) to determine bulk density (Bd) by the method of soil sample rings and of field capacity (FC) at a tension of 10 kPa in a sand column, according to the principles described by Embrapa (1997) . Undisturbed samples were collected for determination of moisture at the permanent wilting point, particle size distribution (Gee & Bauder, 1986) and total organic matter content of the soil (Tedesco et al., 1985) . The permanent wilting point was determined by the dew-point technique with a device called WP4 (PMP-WP4) at a tension of 1,500 kPa, according to the procedure described by Klein et al. (2006) .
From the Gm and the Bd, volumetric moisture (θ) was calculated for each point of the grid (Embrapa, 1997), and water storage expressed in water depth, assuming that the Bd remained constant in the experimental area over time since there was no machinery traffic and use of implements, nor treading of animals on the ridges. Water storage in the profile (A L in mm, in the layer from 0 to z mm) was calculated according to the procedure described by Reichardt (1985) :
(1) where A L was obtained by multiplying the mean volumetric moisture in the interval 0-L ( ) by the thickness of the layer evaluated (L = 300 mm). The data were analyzed by descriptive statistics, geostatistics, Pearson's correlation and evaluation of the temporal stability of soil water storage. In descriptive statistics, the mean, median, minimum and maximum, standard deviation and the coefficients of variation, asymmetry and kurtosis were calculated. The hypothesis of data normality was tested by the Kolmogorov-Smirnov test, using software Assistat 7.6 Beta (Silva & Azevedo, 2012) . Spatial variability was analyzed by semivariograms, as described by Guimarães (2004) : (2) where γ*(h) is the estimate of the experimental semivariance obtained by the sampled values [Z(xi), Z(xi+h)] 2 ; h is the distance between sampling points; and N(h) is the total number of pairs of possible points within the sampling area with the distance h.
The semivariograms were fit to mathematical models to obtain: nugget effect (C 0 ); sill (C 0 +C 1 ); and range (a). The quality of fit of the models to the semivariograms was evaluated by the weighted least square method [greatest coefficient of determination (R²) and least sum of squared residuals (SSR)], using software GS+ 5.0 (Robertson, 1998) . The model that represented the fit of the semivariograms was then chosen by cross validation (jackknifing), as described by Vieira (2000) . A perfect fit would have a R² = 1, and the line of best fit would coincide with the perfect model, i.e., the linear coefficient would be zero and the angular coefficient 1. In the validation, each point contained within the spatial domain is individually removed, with its value being estimated as if it did not exist. In this way, a graph of estimated values versus observed values can be constructed for all the points (Salvador et al., 2012) . Therefore, this validation tests the reliability of the semivariograms and, according to Vieira et al. (1983) , ensures that the maps prepared by kriging have equal validity.
The data of soil water storage were interpolated by kriging to estimate storage at unmeasured locations and to generate spatial distribution maps using software SURFER 7.0 (Golden Software, 1999) .
From the fitting of the models of the semivariograms, the relation between the nugget effect (C 0 ) and the sill (C) was calculated, called degree of dependence (DD) and expressed in percentage, which is used to classify the spatial dependence as strong (DD 25 %), moderate (25 < DD < 75 %), and weak (DD 75 %) (Cambardella et al., 1994) . In addition, in the study of temporal stability of soil water storage, the mean relative difference (RD) and its respective standard deviations were calculated according to Vachaud et al. (1985) . Thus, with the volumetric moisture (θ) calculated for each point and time, the mean relative differences were calculated by: (3) in which RD is the relative difference between individual determination for a location and time and its mean estimate (%); θ ij is the moisture (cm 3 cm -3 ) at location i at time j; is the mean moisture (cm 3 cm -3 ) for all positions at time j. The respective standard deviations of soil moisture related to the spatial variations were calculated in order to indicate the degree of reliability of the measure. After calculating the relative differences and their standard deviations, the results were ordered from the least to the greatest and plotted on a graph, by which the locations were identified that systematically overestimate (RD > 0) or underestimate (RD < 0) mean soil moisture, regardless of the time of observation. The location chosen for future sample collection, for reliable and representative values, would have RD equal to or very near zero, or associated with the least standard deviation (Vachaud et al., 1985; Gonçalves et al., 1999) . This supposition must be evaluated in periods of high and also low soil moisture, according to Lemon (1956) , evaporation is controlled by environmental conditions and hydraulic properties of the soil, and is divided into three stages. The first stage is rapid water loss, controlled by environmental conditions. In the second, evaporation is controlled by capillary flow and vapor transfer. In the third stage, moisture loss is extremely slow, governed by adsorptive forces at the soil interface.
RESULTS AND DISCUSSION

Descriptive statistics
The measurements of central tendency (mean and median) of soil water storage were similar for most of the sampling points in relation to time, indicating symmetric distribution. Minimum storage ranged from 25 mm at point 18 up to 142 mm at point 34; while the maximum ranged from 117 mm at point 25 up to 224 mm at point 34 (Table 1 ). This amplitude in minimum and maximum storage indicates that the soil at each point has differentiated properties, especially those related to water retention. Asymmetry for all grid points was in the range of -2 to +2, which indicates normal distribution (Moreti et al., 2007) . The kurtosis coefficients were negative at 26 points, which were nearly one unit distant from zero, which allowed classification of this distribution as platykurtic, and 11 were classified as leptokurtic. The coefficients of variation (CV) for the two years of collection remained in the range between 10 and 39 %. They were higher when the soil was drier and lower when it was moister, confirming the study of Vieira et al. (2010) .
The descriptive analysis with all sampling data in each growing season indicated that the KolmogorovSmirnov test for mean water storage in the 2008/2009 growing season (p=0.13 < p critical 0.14; n=37), in the 2009/2010 growing season (p=0.08< p critical 0.14; n=37) and the maximum value (p=0.07< p critical 0.14; n=37) had normal distribution; nevertheless, the minimum value (p=0.15> p critical 0.14; n=37) had distribution other than normal, which need to be transformed to achieve normality. Nevertheless, Isaaks & Srivastava (1989) reported that the occurrence (or not) of what is called the proportional effect, in which the mean value and the variability of the data are constant in the area under study, is more important than data normality.
Geostatistical analyses
Analysis of spatial dependency for mean, minimum and maximum water storage in space in the 2008/ 2009 and 2009/2010 growing seasons revealed a spatial dependence structure for most of the observations (Figure 3) . Gonçalves et al. (1999) and Salvador et al. (2012) also found a spatial dependence structure for soil water storage. The semivariograms for soil water storage were fit to the Gaussian model. Moreti et al. (2007) 
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Kurt. the exponential model when fitting semivariograms to mean water storage over three years in a Ferralsol under citrus. Vieira et al. (2010) evaluated moisture in an Umbrisol in Spain, under two management systems, and found a fit by the spherical and exponential model. Salvador et al. (2012) fitted semivariograms to water storage in a Ferralsol at two depths in common bean and reported the predominance of the spherical model, followed by the exponential model.
An analysis of the spatial dependence degree (DD) showed a strong DD (<25 %) for minimum and mean water storage, and moderate DD for maximum storage (Figure 3d ,e,f). This variation in soil water storage is explained mainly by the slope of the area (mean of 0.05 m m -1 ) and variability at the depth of the profile, favoring surface runoff and drainage, respectively, which are processes that affect soil water storage. Nevertheless, it is important to consider the spatial variations of soil properties in the grapevine plant rows (ridges) in terms of particle size distribution, structure, porosities and plant cover, which play an important role in the soil water dynamics (Luciano, 2012) .
Generally, in the periods of greater water storage, spatial dependence increased, observed by the greater range (2009/2010 growing season), while in the periods of less storage, the range decreased (2008/2009 growing season). The reduction of spatial dependence with soil drying is probably explained by the reduction in the water matrix potential and the hydraulic conductivity, which favor water flow in the soil. Possibly, the increase of variance, to the extent that mean water content diminished, may have been caused by the variability of macroporosity at the soil surface, which had negative correlation with mean water storage in the two growing seasons (-0.37 * and -0.40 * , n=37, p<0.05). According to Sanchez et al. (2009) , the factors that affect water flows in the soil drying period are the slope, particle size distribution, soil structure, and organic matter content, as well as the type of vegetation in the area. Salvador et al. (2012) also observed that the spatial storage pattern changed with moisture, with the increase of range in the phase of soil water recharge. Vieira et al. (2008) observed that spatial dependence decreases to the extent that the soil becomes drier, and the results of one year are related with other years. As the soil dries, the temporal stability of the spatial distribution tends to disappear since nonsaturated hydraulic conductivity controls water evaporation. Nevertheless, Grego et al. (2006) observed greater randomness of spatial variation of moisture in a Ferralsol of Campinas, SP, and attributed this to the drying process, which may lead to cracks and modify the hydraulic conductivity of the soil.
Under field conditions, Libardi et al. (1986) observed that the wetting and drying process occurs in an uncontrolled manner and does not always change the discrepant values ("outliers") with the wetting of the soil. Apart from moisture, water storage is modified by edaphic factors of the location and the management system used (Sampaio et al., 2010) . (Figure 3) . In general, the linear coefficients were high and the angular coefficient above 0.75, with exception of the coefficients for maximum soil water storage. According to Salvador et al. (2012) , a better combination of values of the parameters of cross validation should be sought in order to proceed to the choice of the best semivariogram. Thus, no spatial distribution maps were created for maximum soil water storage because the set of indicators was unsatisfactory.
The use of interpolation methods (kriging and inverse weighted distances) generated contour maps of the spatial distribution of water storage in the grapevine rows. Areas of low, medium and high water storage are discriminated (Figure 4 ) by the differences in the soil physical properties, such as macroporosity, microporosity, particle size distribution, and organic carbon content, which determine water storage (Luciano, 2012) .
The lowest water storage (80-140 mm) was observed in the center west region of the map, corresponding to the region with effective depth less than 0.30 m. The greatest water storage (140 mm ->180 mm) was observed in the northwestern region, with lower slope (Figure 1 ), which is explained by the concentration of the laminar and interstitial water flow in the soil, which is displaced due to differences in the total potential.
Temporal stability
In the period of lowest water storage, the 0.00-0. In the 2008/2009 growing season, the area had points with low water storage, explained mainly by the lower depth of the profile, with even the presence of the Cr horizon or the R layer near the surface (Figure 1b) . In the 2009/2010 growing season, there was high rainfall, with a longer period of soil recharge. At 14 points, the mean water storage exceeded field capacity (FC), i.e., the moisture level affected gas exchange rates between the atmosphere and plant roots ( Figure 5 ) due to the reduced aeration capacity in these periods. In addition to high rainfall, the bedrock with little alteration below the soil horizons blocks drainage and, in some periods and regions, induces moisture near saturation.
When comparing the storage at each point, considering both growing seasons, it may be observed that the points with least storage in one year are generally the points with least storage in another year, the same applying to the points of greatest soil water storage ( Figure 5 ). This was evidenced by the linear correlation between the growing seasons, classified as strong (R 2 =0.75) (Figure 6 ). It is a behavior intrinsic to properties such as particle size distribution, organic matter content and soil structure, as well as the effect of soil depth and relief and/or microrelief of the area on water flows and storage. In studies on water storage in a Ferralsol in a citrus orchard in Piracicaba, São Paulo, Rocha et al. (2005) and Moreti et al. (2007) also reported that water storage has a stable spatial pattern over time. According to Gonçalves et al. (1999) , this storage pattern at each point over the years ( Figure  5 ) indicates the existence of temporal stability in the studied growing seasons.
In the two study years, water storage and the fine sand fraction were negatively correlated (-0.38* and -0.34*, n=37, p<0.05) and positively correlated with microporosity (0.30* and 0.35*, n=37, p<0.05). Thus, storage at each point depends on rainfall, but also on the soil properties at each location.
Mean relative difference
The analysis of the mean relative difference (RD), associated with calculation of its standard deviation, allows an evaluation of the points with temporal stability, i.e., values near the mean value, regardless of the period/date of collection ( The points for future samplings whose values are representative of the area are chosen by observing the point and/or points with a relative difference (RD) near zero on the ordered graph, associated with less standard deviation (Gonçalves et al., 1999) .
In the 2008/2009 growing season, the points with greatest mean relative difference were 18, 37 (-20 %), 4 (+19 %) and 34 (+39 %). The points that best represent the mean value of water storage were points 26 (+0.1 %), 12 (-0.3 %) and 16 (+2 %). In the 2009/ 2010 growing season, the points with the greatest mean relative difference were 1, 2 (-18 %), 5 (+19 %) and 34 (+25 %). The points that best represented the mean values were 26 (-0.2 %), 20 (-0.7 %) and 13 (-0.6 %). Thus, the points with the least relative difference should be chosen for moisture measurements and monitoring of soil water storage to study water balance in grape in this area. The Cambissolo Húmico (Cambisol) had points with temporal stability, which indicates the validity of the procedure proposed by Vachaud et al. (1985) and confirmed by Gonçalves et al. (1999) , Rocha et al. (2005) , Moreti et al. (2007) and Salvador et al. (2012) .
CONCLUSIONS
1. The mean water storage in a Cambisol under grapevine on ridges had variable spatial dependence, i.e., the lower the mean water storage, the higher the range of spatial dependence.
2. Water storage had a stable spatial pattern over time, which indicates that the points with less storage in one time period had less storage in another, and likewise for points with greater storage.
3. The relative difference is a simple methodology for field identification of the points that most adequately represent mean soil water storage at any time for a given area. This represents an advance for monitoring water storage in vineyards, by reducing the number of samples required to estimate a representative mean, with greater reliability and less sampling effort.
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